In the present work we systematically study α decay half-lives of Z > 51 nuclei using the modified Gamow-like model which includes the effects of the centrifugal potential and electrostatic shielding. For the case of even-even nuclei, this model contains two adjustable parameters: the parameter a related to the screened electrostatic barrier and the radius constant r 0 , while for the case of odd-odd and odd-A nuclei, it is added a new parameter i.e. hindrance factor h which is used to describe the effect of an odd-proton and/or an odd-neutron.
Introduction
α decay, the spontaneous emission of a 4 He by the nucleus and the formation of a new nuclides, was first defined by Rutherford in 1899. Since then, great efforts have been made in the realm of both theory and experiment, e.g., from the discovery of the atomic nucleus by α scattering to the Geiger-Nuttall law describing a relationship between α decay half-life and decay energy [1, 2, 3, 4] , from the barrier tunneling theory based on the quantum mechanics to the investigation of superheavy nuclei(SHN) [5, 6, 7, 8, 9, 10, 11] . α decay, as an important tool to investigate SHN, provides abundant information about the nuclear structure and stability of SHN [6, 12, 1, 13] . Nowadays, there are many theoretical models used to study α decay including the cluster model [14, 15, 16] , the unified model for α decay and α capture [17, 18] , the liquid drop model [19, 20, 21, 22, 23] , the two-potential approach [24, 25, 26, 27, 28, 29, 30] , the empirical formulas [1, 31, 32, 33] and others [34, 35, 36, 37, 38, 39] .
Recently, K. Pomorski et al. proposed a Gamow-like model which is a simple phenomenological model based on the Gamow theory for the evaluations of half-life for α decay [36, 40] , while the nuclear potential is chosen as the square potential well, the centrifugal potential is ignored and the Coulomb potential is taken as the potential of a uniformly charged sphere with radius R defined as Eq. (7). They also extended this model to study the proton radioactivity [41] , for the proton radioactivity shares the same mechanism as the α decay. In 2016, Niu Wan et al. systematically calculated the screened α decay half-lives of the α emitters with proton number Z = 52 − 105 by considering the electrons in different external environments such as neutral atoms, a metal, and so on. They found that the decay energy and the interaction potential between α particle and daughter nucleus are both changed due to the electrostatic shielding effect. And the electrostatic shielding effect is found to be closely related to the decay energy and its proton number [42] . In 2017, R. Budaca and A. I.
Budaca proposed a simple analytical model based on the WKB approximation for the barrier penetration probability which includes the centrifugal and over-lapping effects besides the electrostatic repulsion [43] . In their model, there is only one parameter a which is used to describe the electrostatic shielding effect of Coulomb potential by using the Hulthen potential [43] . They systematically calculated the half-lives of proton emission for Z ≥ 51 nuclei. The results can well reproduce the experimental data. Combining these points, in this work we modify the Gamow-like model proposed by K. Pomoski et al., considering the shielding effect of the Coulomb potential and the influence of the centrifugal potential, to systematically study the α decay half-lives. All the database are taken from the latest atomic nucleus parameters from NUBASE 2016 [44] . We also extend our model to predict the α decay half-lives of seven even-even superheavy nuclei with Z = 120 and some un-synthesized nuclei on their α decay chains.
This article is organized as follows. In Sec. II the theoretical framework for α decay half-life is described in detail including Gamow-like model and other models such as Coulomb potential and Proximity potential model (CPPM) with Bass73 formalism, the ViolaSeaborgSobiczewski (VSS) empirical formula, the Universal curve (UNIV), Royer formula, the Universal decay law (UDL) and the Ni-Ren-Dong-Xu empirical formula (NRDX). In Sec. III, the detailed calculations, discussion and predictions are provided. A brief summary is given in Sec. IV.
THEORETICAL FRAMEWORK

Gamow-like model
, an important indicator of nuclear stability, can be calculated by the α decay constant λ as
where h is the so-called hindrance factor of α decay due to the effect of an oddproton and/or an odd-neutron. For the even-even nuclei, h = 0, while for nuclei with an odd number of nucleons i.e. even-N , odd-Z nuclei or odd-N , even-Z h = h p = h n , odd-N , odd-Z nuclei 2h = h np . The α decay constant λ is given by [45] 
where S α represents the preformation probability of α particles in α decay.
According to Ref. [36] , it can be known that the value of the preformation probability S α can be changed by adjusting the radius constant r 0 appropriately. The results show that the best fitting result can be obtained with S α =1, meanwhile r 0 ≈ 1.2fm, which also confirms the conclusion of Refs. [45, 46] .
Then we choose S α =1 in this work.
P given in Eq. (2) represents the penetration probability of the α particle crossing the barrier, calculated by the classical WKB approximation. Its concrete representation in the Gamow-like model is expressed as
here
A is the kinetic energy of α particle emitted during α decay. Q α and A are α decay energy and the mass number of the parent nucleus, respectively. b is the classical turning point. It satisfies the condition
is the reduced mass of the α particle and the daughter nucleus in the center-of-mass coordinate with M d and M α being masses of the daughter nucleus and α particle. V (r) is the total α-daughter nucleus interaction potential.
In general, the α-daughter nucleus electrostatic potential is by default of the Coulomb type as
where Z α and Z d are the proton numbers of α particle and daughter nucleus.
Whereas, in the process of α decay, for the superposition of the involved charges, movement of the emitted α particle which generates a magnetic field and the inhomogeneous charge distribution of the nucleus, the emitted α-daughter nu-cleus electrostatic potential behaves as a Coulomb potential at short distance and drop exponentially at large distance i.e. the screened electrostatic effect [43] .
This behavior of electrostatic potential can be described as the Hulthen type potential which is widely used in nuclear, atomic, molecular and solid state physics [47, 48] and defined as
where a is the screening parameter. In this framework, the total α-daughter nucleus interaction potential V (r) is given by
where V 0 is the depth of the square well. V h (r) and V l (r) are the Hulthen type of screened electrostatic Coulomb potential and centrifugal potential, respectively.
The spherical square well radius R is equal to the sum of the radii of both daughter nucleus and α particle, it is expressed as
where A d and A α are the mass number of the daughter nucleus and α particle, respectively. r 0 , the radius constant, is the adjustable parameter in our model.
2 is a necessary correction for one-dimensional problem [49] , the centrifugal potential V l (r) is chose as the Langer modified form in this work. It can be expressed as
where l is the orbital angular momentum taken away by the α particle. l = 0 for the favored α decays, while l = 0 for the unfavored decays. Based on the conservation laws of party and angular momentum [50] , the minimum angular momentum l min taken away by the α particle can be determined by
where
and parity values of the parent and daughter nuclei, respectively.
The ν represents the collision frequency of α particle in the potential barrier.
It can be calculated with the oscillation frequency ω and expressed as [51] 
where R n = 3/5R 0 is the nucleus root-mean-square (rms) radius and R 0 = 1.28A 1/3 − 0.76 + 0.8A −1/3 is the radius of the parent nucleus. G = 2n r + l is the main quantum number with n r and l being the radial quantum number and the angular quantity quantum number, respectively. In the work of Ref. [52] , for α decay, G can be obtained by
Other models 2.2.1. Coulomb potential and Proximity potential model with proximity potential Bass73 formalism (CPPM-Bass73)
In CPPM, the α decay half-life T 1 2 is related to the decay constant λ as
where the decay constant λ can be obtained by
The assault frequency ν can be calculated with the oscillation frequency ω and expressed as
where h is the Planck constant. The zero-point vibration energy E v can be calculated with Q α and expressed as [53] 
P denote the semiclassical WKB barrier penetration probability, which is expressed as
where R in and R out are the classical turning points which satisfy the conditions
The total interaction potential V (r), between the emitted proton and daughter nucleus, including nuclear, Coulomb and centrifugal potential barriers. It can be expressed as
V l (r) are same as Eq. (8), V C (r) can be expressed as
We select proximity potential Bass73 to calculate the nuclear potential V N (r) [54, 55] , which is given by
where 
The ViolaSeaborgSobiczewski (VSS) semi-empirical relationship
The ViolaSeaborgSobiczewski semi-empirical relationship, one of the commonly used formulas for calculating the half-life of α decay, is proposed by Viola and Seaborg and the value given by Sobiczewski instead of the original value
given by Viola and Seaborg [3] . It can be expressed as
where Z is the atomic number of the parent nucleus and h log is hindrance factor. 
The Universal curve (NUIV)
Poenaru et al. proposed the Universal (UNIV) curve for calculating the decay half-lives by extending a fission theory to larger asymmetry, which can be expressed as [45, 56] log 10 T 1 2 = −log 10 P − log 10 S α + [log 10 (ln2) − log 10 ν].
The penetrability of an external Coulomb barrier P may be obtained analytically as [57] − log 10 P = 0.22873
fm being the two classic turning points. The logarithmic form of the preformation factor is given by
C = [−log 10 ν + log 10 (ln2)] = −22.16917 is the additive constant [45, 56] .
Royer formula
Royer proposed the analytical formula for determining α decay half-lives by fitting α emitters experimental data [21] . It can be written as
The parameters a, b and c are given by 
The Universal decay law (UDL)
Qi et al. given a new universal decay law (UDL) for describing α-decay and cluster decay modes starting from α-like R-matrix theory and the microscopic mechanism of the charged-particle emission [4, 58] . It can be expressed as
where can be given by,
This formula successfully combines the phenomenological laws of α decay and cluster radioactivity.
RESULTS AND DISCUSSION
In this work, we use the least squares principle to fit the adjustable parameters, while the database are taken from the latest evaluated nuclear properties table NUBASE2016 [44] . At first, for the parameter h being used to describe the effect of an odd-proton and/or an odd-neutron, we choose the experimental data of α decay half-lives of 169 even-even nuclei as the database to obtain the parameters a and r 0 , while h = 0. Then choosing the experimental data of α doubly-odd nuclei as the database to determine the parameter h, while fixed the parameters a and r 0 , using the relationship h n = h p = 
The value of a is small but it observably impacts on the classical turning point b, whereas the α decay half-life is sensitive to b. For intuitively display the effects, in Fig. 1 As can be seen from the Fig. 2 is the logarithmic form of the α decay half-life calculated by the theoretical model and parameters in Ref. [36] . The experimental α decay half-lives and decay energies are taken from the latest evaluated nuclear properties table NUBASE2016 [44] and evaluated mass number table AME2016 [60] . Table 1 : Compare root-mean-square deviations of lgT 1/2 between our calculations and calculations using parameters and models of Ref. [36] . In the first row of the table, πz and πn are parity of the number of protons and neutrons, respectively. The second row is the corresponding total number of nuclei, and the third row is the corresponding h value. The fourth row is the root-mean-square of this work, and the fifth row is the root-mean-square of Ref. [36] π Og → 300 Lv. In our previous studies of the superheavy nucleus [64, 65] , the α decay energy is one key input for calculating the α decay half-life. Meanwhile
Sobiczewski [66] discovered that the calculation taking α decay energy from WS3+ [67] can best reproduce experimental α decay half-life. In the present work, we use α decay energy from WS3+ to calculate the half-life of even-even nuclide with proton number Z = 120 and nuclei on their α decay chains except the five known nuclei i.e. For comparatively, we also systematically calculate the α decay half-lives of even-even nuclei of proton numbers Z = 120 and nuclei on their α decay chain using Coulomb potential and Proximity potential model with proximity potential Bass73 formalism (CPPM-Bass73) [55] , the Viola-Seaborg-Sobiczewski (VSS) empirical formula [3] , the Universal (UNIV) curve [45, 56] , Royer formula [21] , the Universal decay law (UDL) [4, 58] and the Ni-Ren-Dong-Xu (NRDX) empirical formula [59] , respectively. The logarithmic forms of calculated α decay half-lives are listed in Table 2 . In this tables, the first two columns represent the parent nucleus of the α decay and the α decay energy, the next seven columns represent the theoretical α decay half-lives calculated by CPPM-Bass73, VSS, UNIV, Royer, UDL, NRDX and our improved Gamow-like model denoted as Table 3 . We can clearly see that NRDX model reproduces experimental half lives well in superheavy region in case 298 120, Royer formula reproduces experimental half The case of 306 120 and 308 120 Figure 6 : The different cases of α decay half-lives calculated by different theories. The abscissa A represents the mass of the nucleus, and the ordinate is the theoretical value of the α decay half-life, the different color lines represent the calculations using different theoretical models. 
Summary
In summary, we modify the Gamow-like model by considering the effects of screened electrostatic for Coulomb potential and the centrifugal potential and use this model systematically to study α decay half-lives for Z > 51 nuclei.
In addition, we extend this model to the superheavy nuclei, and predict the half-lives of seven even-even nuclei with a proton number Z = 120 and some un-synthesized nuclei on their α decay chains. This work is useful for the future research of superheavy nuclei.
